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This study is the first to investigate the catalytic performance of Au-Cu catalysts in the direct alkylation of 
ethanol with isopropanol. Alcohols and ketones containing 5 or 7 carbon atoms were suggested as aim 
products of the reaction. For example depending on catalyst composition and reaction conditions pentanol-2 
selectivity was 30-40%. To describe the differences between the structure of supported metals in catalysts, 
energy dispersive X-ray (EDX) analysis and transmission electron microscopy (TEM) were performed. 
Structural investigations of Au-Cu/Al2O3, Au/Al2O3 and Cu/Al2O3 catalysts were conducted via X-ray 
photoelectron spectroscopy (XPS).The relationships between a compound’s structure, activity and 
mechanistic aspects are discussed to clarify the factors that may affect the synergetic effect in the presence of 
the Au-Cu catalyst. 
1. Introduction 
The first reference to gold as a catalyst dates back to 1906 when Bone and Wheeler observed oxidation of 
hydrogen on a heated gold gauze (Bone and Wheeler, 1906). A number of papers dealing with catalytic 
hydrogenation of alkenes on gold films and impregnated gold catalysts were reviewed by Yolles et al. (1971) 
and Bond and Sermon (1973). In 70’s however, the original breakthrough in the catalysis by gold should be 
linked with Haruta et al. (1987), who demonstrated in 90’s that gold can be an excellent catalyst when 
supported on metaloxides in a dispersed state. The recent progress in heterogeneous catalysis resulted in 
remarkable investigations that showed the high activity of gold nanoparticles in the conversion of alcohols to 
synthetic hydrocarbons (Nikolaev et al., 2013), selective oxidation of propene (Feng et al., 2014), synthesis of 
hydrogen peroxide (Hutchings et al., 2012), water gas shift reaction (Tabakova et al., 2013), hydrogenation of 
alkenes (Nikolaev et al., 2010), isomerisation (Simakova et al., 2010), and hydrodechlorination (Gómez-Quero 
et al., 2013). 
The conversion of ethanol into n-butanol over purely heterogeneous catalysts has been reported in several 
publications and patents (Sun et al., 2014). Generally, the reaction temperature varies from 200 up to 450°C 
with a relatively low conversion (e.g., 10%–20%) and a selectivity approaching 70%. Hydroxyapatites have 
been shown to be the most active and selective catalytic systems for higher alcohols production (Ogo et al., 
2012). In a plug flow reactor, the highest n-butanol selectivity was found to be 76.3% at 14.7% conversion of 
ethanol (Tsuchida et al., 2006) and 81.2% at 7.6% conversion of ethanol (Ogo et al., 2012). The study of a 
batch reactor process showed that a 20% Ni/Al2O3 catalyst manufactured by Crossfield produces the highest 
selectivity of 80% at a conversion of approximately 25% after 72 h (Riittonen et al., 2015). Isopropanol 
condensation generally leads to ketones formation due to its higher rate of acetone alkylation compared to 
Guerbet condensation. Over hydrotalcite-derived mixed oxide (Mg3AlOx), the primary products are diacetone 
alcohol, phorone and isophorone (Ordónez et al., 2011). The Guerbet reaction of supercritical isopropanol into 
a small amount of 3,3,5-trimethylcyclohexanolwas observed in a study of the decomposition of epoxy resin 
with KOH (Jiang et al., 2010). The self-coupling of 2-propanol occurred with a heterogeneous Ni/CeO2 catalyst 
(Shimura et al., 2013) (>200°C) and various coupling products, including methyl isobutyl ketone (21%),4-
methyl-2-pentanol (19%), diisobutyl ketone (21%) and 2,6-dimethyl-4-hexanol (9%), were obtained in 
comparable yields to previous studies (Torres et al., 2007). Several examples are shown to describe acetone-
butanol-ethanol (ABE) fermentation products conversion in comparison to Guerbet type catalysts (Sreekumar 
et al., 2014). In both catalytic systems studied in these works, the formation of ketones C7–C19 was observed, 
which indicates that no interaction between the ethanol and acetone occurred. The formation of 2-pentanon 
occurred only in the presence of Pd-hydrotalcite catalyst, and its yield did not exceed 10% from other C7–C11 
ketones (Sreekumar et al., 2014). The fermentation mixture of the IBE conversion also did not lead to C5 
product formation. The alkylation of secondary alcohols with primary alcohols thus effectively catalysed by 
homogeneous base and homogeneous/heterogeneous transition metal systems (Wang et al., 2013) but never 
a pure heterogeneous catalytic system. 
Recently was found that Au-Ni/Al2O3 catalysts are prospective for heterogeneously catalyses isopropanol 
alkylation with ethanol (Zharova et al.,2016). This study scope is the investigation of ethanol and isopropanol 
cross-coupling process peculiarities. The relationships between a compound’s structure, activity and 
mechanistic aspects are discussed to clarify the factors that may affect the synergetic effect in the presence of 
the Au-Cu catalyst.  
2. Materials and Methods 
Analytical grade ethanol (96%) and isopropanol (96%) were used without further purification. In typical 
alkylation experiment initial mixture contains equal volumes of alcohols (13 ml). Both ethanol and isopropanol 
loading for individual alcohol conversion test were 25 ml. Gamma Al2O3 with S=160 m
2
/g was used as a 
support for metal nanoparticles. Au/Al2O3 catalysts were produced by deposition-precipitation and Au-
Cu/Al2O3, Cu/Al2O3 produced by impregnating as described by Nikolaev et al. (2013). 
The metal content of the catalysts was determined by atomic absorption on a Thermo iCE 3000 AA 
spectrometer. Transmission electron microscopy (TEM) and energy-dispersive X-ray (EDX) analysis 
of catalysts were carried out on a JEOL JEM 2100F/UHR microscope and a JED-2300 X-ray 
spectrometer, respectively. XPS analysis of the catalysts was performed on a Kratos Axis Ultra DLD 
spectrometer using AlK radiation (1486.6 eV). The alkylation of alcohols was performed in a 45 mL high 
pressure Parr autoclave equipped with magnetic stirring under argon. The reactor was heated up to 275°C 
with a heating rate of 20 °C/min. Reaction conditions were chosen on the base of previous works (Chistyakov 
et al., 2017). Gaseous reaction products were analyzed by the GC. Liquid reaction products were analyzed by 
the GC and GC-MS. 
3. Results and Discussion 
First, we tested the activity of the 0.2Au-0.07Cu, 0.2Au and 0.07Cu catalysts for the self-condensation of 
ethanol and isopropanol (Table 1). The bimetallic 0.2Au-0.07Cu catalyst showed the highest yield of 
condensation products, such as butanol-1, hexanol-1 and octanol-1 with a total selectivity of 92.2% at 33.4% 
conversion of ethanol. Conversely, the 0.07Cu system primarily catalysed the dehydration of ethanol to 
provide diethyl ether and ethylene, and dehydrogenation to provide acetic aldehyde. The conversion and 
selectivity to linear alcohols in the presence of Cu catalyst does not exceed 11.5 and 0.2%, respectively. An 
Au analogue was then used to catalyse the conversion of ethanol primarily into butanol-1 but produced a low 
conversion (30%) and low selectivity (16.4%). 
Next, the scope of isopropanol for self-condensation using 0.2Au-0.07Cu, 0.2Au and 0.07Cu catalysts was 
investigated. The results of this study show that isopropanol undergoes no self-condensation. The primary 
products were acetone and propane over 0.2Au-0.07Cu and 0.2Au catalysts (Table 1). The 0.07Cu system 
catalysed the isopropanol dehydrogenation into acetone and dehydration into propene, as shown in Table 1. 
Alumina based systems typically catalyse the dehydrogenation of secondary alcohols to provide 
corresponding ketones as primary products (Jenck, 2004). Study of active components content in bimetallic 
systems effect at alkylation selectivity showed that gold concentration increase from 0.2 to 0.5 wt.% results in 
selectivity of pentanol-2 increase from 30 to 41% (Table 2). However, the total selectivity of alkylation products 
changes slightly (about 5%). In the presence of 0.2Au-0.07Cu catalyst steps of hydrogenation of ketones into 
alcohols (4 → 5b, 6b → 7b) occur less intensively. This phenomenon probably can be explained by structural 
effect - smaller particles is less effective in the hydrogenation process than bulk particles. Varying the content 
of copper in the catalysts does not seem to change the selectivity. 
Table 1. Conversion of individual alcohols (ethanol and isopropanol). (T = 275°C; P = 150 atm, 5 h). 
Catalyst 0.2Au-0,07Cu 0.2Au 0.07Cu 
Substrate EtOH iPrOH EtOH iPrOH EtOH iPrOH 
Conversion (%) 33.4 31.2 30 27.4 11.5 13.1 
Selectivity (%) 
      Butanol-1 74.4 - 15.9 - 0.2 - 
Hexanol-1 17.8 - 0.5 - - - 
Propane - 12.7 - 17.9 - 4.8 
Acetone - 83.2 - 76.4 - 56.7 
Others 7.8 4.1 83.6 5.7 99.8 38.5 
Table 2. Products formation selectivity and conversions of ethanol and isopropanol mixture (275 °C, 150 atm, 
5 h on stream) 
Catalyst 0.2Au-0.07Cu 0.5Au-0.32Cu 0.5Au-0.8Cu 0.2 Au 
total selectivity of alkylation products, % 63.8 69.5 66.7 33.8 
ethanol conversion, % 64.6 50.6 46.16 46.7 
isopropanol conversion, % 49.3 46.9 42.23 56.40 
product Selectivity. % 
propane 1.5 1.4 - - 
acetic aldehyde 0.1 - 1.5 2.9 
acetone 6.7 8.3 10.6 13.6 
butenes 0.6 0.4 0.2 2.7 
butane 0.3 0.1 0.8 1.6 
ethyl isopropyl ether 1.5 - - - 
diethyl ether 2.5 3.3 1.6 33.0 
ethylacetate 0.8 0.7 0.1 0.8 
butanol-1 12.3 14.5 17.3 8.0 
pentenes 2.0 - - 
 pentanone-2 13.1 16.5 16.9 10.3 
pentanol-2 30.6 41.1 41.4 19.0 
hexanol-1 1.4 - - - 
butyl ethyl ether 0.4 - - - 
butylacetate 0.6 - - 0.1 
ethyl butyrate 0.2 - - - 
heptanone-4 8.8 1.5 0.1 0.0 
heptanone-2 1.7 0.6 0.6 0.1 
heptanol-4 5.6 9.0 6.9 0.2 
heptanol-2 2.8 0.9 0.8 2.8 
nonanone-4 1.0 - - - 
nonanol-4 0.2 - - - 
other 5.2 1.8 1.2 4.8 
Σ 100.0 100.0 100.0 100.0 
Probable pathways of alkylation of ethanol with isopropanol are shown in Scheme 1, 2. Feeding alcohol 
conversions that are approximately equal may indicate the equable filling of the active surface with 
chemisorbed substrates and its equable activity. The total selectivity of alkylation products is shown to be 
63.8-69.5%; the primary byproducts are diethyl ether (S=2.5-3.3%), butanol-1 (S=12.3-14.5%) and acetone 
(S=6.7-8.3%). Thus ethanol takes part in two parallel reactions: alkylation with isopropanol; and self-
aldonyzation, leading to butanol-1 formation. In the reaction products, only traces of acetic aldehyde were 
found, indicating the equable activity of the substrates with regard to dehydrogenation with the formation of 
acetic aldehyde and acetone (Scheme 1). Acetic aldehyde and acetone exhibit markedly different activities: 
acetic aldehyde rapidly converts into butanol-1 or interacts with isopropanol with pentanol-2 formation, while 
acetone is less active and has a tendency to accumulate in the reaction products. The primary product of the 
interaction of ethanol and isopropanol is pentanol-2, whose selectivity reaches 30.6-41.1%. The selectivity of 
pentanone-2 is 13.1-16.5%, which indicates the low efficiency of steps 4 and 5ɑ shown in Scheme 2. 
However, in the reaction products, there are no unsaturated alcohols or ketones (3,6ɑ, 8b). Thus, the Au-
Cu/Al2O3 catalyst shows the highest efficiency during the dehydrogenation and hydrogenation of unsaturated 
C-C bonds steps. Based on Scheme 1, 2 and Table 2, pentanol-2 during interaction with acetic aldehyde 
primarily converts intoheptanone-4, followed by hydrogenation into heptanol-4. The primary byproduct of this 
step (4→8ɑ) is heptanone-2, which undergoes hydrogenation into heptanol-2 (6b→7b) or interacts with acetic 
aldehyde molecule forming nonanone-4 and/or nonanol-4. Alcohols containing more than nine carbon atoms 
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Scheme 2. Schematic presentation of the alkylation of ethanol with isopropanol 
Should be noticed, that alkylation process was carried out under rather sever conditions (275°C, 150 atm, 5 h, 
batch mode). Supported metals in catalysts could interact with alcohols and/or be washed out from the surface 
of catalysts by organic media under these conditions. This process results in a decrease of the concentration 
of active components and deactivation of catalyst. To verify this hypothesis the concentration of Au and Ni 
after 50 h of time-on-stream was tested with atomic absorption spectroscopy and the results show metals 
concentration after 50 h on stream corresponds to the initial concentration of copper and gold with certainty 
instrument error. The TEM image of the Au-Cu/Al2O3, Au/Al2O3 and Cu/Al2O3 catalyst is presented in Fig. 1. 
For Au/Al2O3 a broad spherical particles size distribution with the mean size of 1-15 nm was observed. 
Cu/Al2O3 sample was characterized by spherical copper particles of 1-11 nm with the average size of 4 nm. 
The histogram of particle size distribution for Au-Cu/Al2O3 catalyst show the absence of particles with a size of 
9 nm or more (Figure 1). The average particle size is 2.5 nm. The morphological features of impregnated 
particles in the Au-Cu/Al2O3 catalyst indicate that the presence of copper species prevents gold clusters from 
sintering. According to TEM-EDX analysis, about 80% of particles is presented as bimetallic composites 
consisting of copper oxide particles and small gold particles. Au-Cu/Al2O3 catalyst contains about 71% of 
spherical and 29% of non-spherical bimetallic composites. The presence of non-spherical particles in the Au-
Cu/Al2O3 catalyst may be caused by distortion of spherical gold clusters situated near CuxOy species upon 
sintering of gold during catalyst calcination. 
 
Figure 1. Size and shape of supported particles in Au/Al2O3, Cu/Al2O3 and Au-Cu/Al2O3 and particle size 
distribution for this catalysts 
Au/Al2O3 comprises gold in the form of Au
0
 (100 at.%) (Fig. 2). The electron binding energy of Au 4f7/2 in the 
XPS spectrum of Au‒Cu/Al2O3 is 84.4 eV. This result shows that, along with the originally zero-valent gold, 
Au(+n) cations (0 < n < 1) are formed in Au–Cu/Al2O3. The Au(+n) content is low—on the order of 10–20 at.%. 
 
Figure 2. Al 2p, Au 4f and Cu 2p XPS spectra for mono- and bimetallic catalysts: Au/Al2O3, CuOx/Au/Al2O3 and 
CuOx/Al2O3. 
In order to analyze the oxidation states of the supported metal species in the catalysts, XPS techniques was 
applied and the results are presented in Figs. 2. The Cu 2p spectrum of the Cu/Al2O3 catalyst exhibits a 
doublet of two spin orbit components: Cu 2p3/2(932.5 eV) and Cu 2p1/2 (952.6 eV). These binding energies can 
be attributed to Cu2O and/or Cu
0
 species (He, 2011). A peak at 944 eV was observed for the Cu/Al2O3 
catalyst. This satellite is the unique feature of CuO spectrum and is absent in XPS spectra of Cu2O and/or Cu
0
 






 contents is a rather difficult task 













] ratio can be roughly estimated. Biesinger et al. reported that the area 
of Cu
2+
 satellite is twice lower than the area of Cu 2p3/2 peak for the Cu
2+
 species (Biesinger, 2010). Bearing 






] ratio for the Cu/Al2O3 catalyst should be about 1/7. Cu 2p XPS spectra 
for bimetallic Au-Cu/Al2O3 catalyst contains peaks at 932.5, 944 and 952.6 eV. Analysis of these peaks 






] ratio for the Au-Cu/Al2O3 catalyst as 1/4. 
4. Conclusions 
This study shows that the Au-Cu/Al2O3 catalysts containing 0.2-0.5 wt.% of gold and 0.07-0.8 wt.% of copper 
are efficient systems for ethanol condensation into 1-butanol and 1-hexano. Au-Cu/Al2O3 systems were used 
for the heterogeneous catalysed alkylation of ethanol with isopropanol into pentanol-2. Au-Cu/Al2O3 produced 
the highest pentanol-2 selectivity of 30–41% at 275°C. The combined selectivity of alkylation products (i.e., 
alcohols and ketones C5, C7, C9) was found to be 63%–70%. It has been found that the Au–Cu/Al2O3 catalyst 
is characterized by the formation of nanosized bimetallic active components in which the concentration of Au
+n
 
(0 < n < 1) and Cu
+1





/Al2O3). Contacts between copper and gold in the Au–Cu/Al2O3 catalyst also lead to abrupt changes in the 
morphology of the supported particles: the average particle size decreases and agglomerates of Aun–Cun– 
Aun–Cun clusters are formed. These changes lead to a significant increase in the activity and selectivity for the 
formation of alcohols alkylation products. 
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